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ABsrraAcr 


Satellite pointing precision that can be achieved through 
gravity gradient mcments is rather limited, especially in presence 
of disturbances. The gravity gradient stabilization in elliptic 
orbits beyond eccentricities of 0.30 is not possible. Besides, an 
effective utilization of this attitude control concept de mands 
slender satellite shapes thus imposing a major design constraints. 
Here, we propose a new approach for satellite attitude control that 
overcomes most of these limitations. This concept utilizes a small 
mass and a pair of tethers for satellite attitude stabilization. 
The configuration considered for the suggested application assumes 
a downward " pendulum like '' deployment of the auxiliary mass from 
the satellite through the pair of identical tethers attached to its 
distinct and syimnetrical ly offset points around the mass centre. 

In order to examine the applicability of the proposed passive 
attitude control concept, to elliptic orbits, the case of in-plane 
pitching librations is considered. The Lagrangian formulation is 
adopted to obtain the system equations of motion. The governing set 
of non-linear, non-autonomous set of equations is solved 
numerically. The simulations establish the continuing effectiveness 
of the proposed concept for elliptic orbits and ensure a high degree 


of pointing stability. 
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NOMENCLATURE 
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a : a /L 
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E : Young’s modulus of elasticity 
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: Position vector of the C.M. of the System 
T : Kinetic Energy of the Systran 
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: Potential Energy of the SystCTi 


U(r ) : Unit function 

x.y,z : Body fixed coordinate system 

B : True anomaly measured frcm reference line 

fx Earth’s gravitational constant 
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CHAPTER 1 


INTEiODUCTION 


1 . 1 Prel iminary remarks : 

Ve have come a long way in space research. Numerou 
technological applications Influencing everyday life are alreac 
bringing about major changes in society. These developments ofte 
pose newer challenges. One such challenge lies in the use of teth 
in satellite applications. 

There are several Tethered Satellite Syst«n (TSS) missio: 
which have been proposed and undertaken. The mission TSS 

undertaken last year failed due to some obstruction coming in t 
way of the planned tether deployment. But, subsequently 1 
feasibility of TSS has been established through deployment of 
spent rocket stage from a launch vehicle. The TSS-2 and TSS-3 i 
the next two important tethered satellite missions jointly plan 
by Italy and U.S.A.. 

1.2 Some Important T^ Applications (Ref-1) 

Numerous applications of have been proposed 

analyzed. Some of the important ones are listed below: 

(i) Science appl icatiCHis: It is possible to use the ra 
platforms deployed through long tethers for numerous sci 


applications.lt facilitates gathering valuable scientific data a 



the universe through on-board instruments. In particular such systems 


would enable long term observations of various phenomena in the 
lower atmosphere. 

(ii) Transportaticm applications: A tether can be used for 
boosting an orbiting satellite payload into a higher circular or 
elliptical orbit with a net saving of propulsive energy. 

(iii) ^Dace propulsion applications : The principle of 

electromagnetic interaction of a conducting tether with the 
interplanetary magnetic field can be used to generate propulsiv’e 
forces for interplanetary travel. Of course, this would require the 
on-board electric power. 

(iv) Eletrodynamics applications: A long insulating tether 

revolving at high satellite speeds, cutting earth's magnetic lines 
of force induces an e.m.f., which in turn can be used as a 

source of electric power on-board. This however results in an 
electromagnetic drag causing the orbit to shrink. Thus orbital 
energy supplies the electric power.. 

(v) Controlled gravity applications : In such applications 
tethers are used for generating artificial gravity at various 
levels, especially the micro-gravity. This is achieved by a tethered 
platform , ccanposed of two end structures which are connected by a 
deployable or retractable tether. The tether length is used to 
control the gravity level. 


(vi) Ccaistel latioo applicaticsis: It is possible to use tether for 


deploying satellites in 


various cxinstel lations for centralized 


in-space services. 

1.3 ft-ief Review of Hie Literature : 

2 2 

Von liesenhausen and Baker emphasized the use of tethers in 
space and hence the study of the tethered satellite systems. 
Colombo, et al^ have shown that tethered satellite systems lead to a 
significant impulse saving for the transfer missions. Their two 
dimensional simulation assumes a massless tether, neglects tether 
dynamics, and integrates only the motion of two end masses. Mackinney 
and Tschirgi - while considering shuttle and space station developed 
tethered subsatellite syst^s-have also accounted for the tether 
mass along with gravity-gradient in their analysis. The attitude 

fi-l4 

control applications of tethers proposed are mostly based on the use 
of actuating feedback mechanisms. The system enables variation of 

the net moment acting satellite through tether tensions using a 

a 

suitable feedback strategy as proposed by A. K. Misra ,V. J. Modi 
6uid C. C. Rjpp^ . Kumar and Kumar* proposed the use of short tethers 
and small mass as an entirely passive satellite attitude control 
device in circular orbits. Kumar ,Jha .Misra .smd Yan analyzed the 
use of three body tethered system in conjunction with the space 
station .The paper aims at determining the frequencies of transverse 
oscillations of three body two-tethered syst«n. C. Kowalsky and 
J. David Powell laid ©nphasis on the design of the artificial 


gravity spacecraft. Recently J. D. Osten and T. R. Kane* ^focussed on 
the refinements in the control strategy necessary to maintain a 
constant rotation rate of the system by means of tangential 
thrusters while simultaneously varying the length of the tether. 

1.4 Purpose and SccHPe of Invest igatiCHi: 

The present investigation attempts to extend the satellite 
attitude control application of tether to elliptic orbit. First, the 
pitching responses of two body two tethered system have been 
studied. The effects of various system perameters like length of 
tethers, mass distribution, tether offsets ,etc. on satellite 
attitude stabil izat ion have been examined. The pitching response 
during the proposed deployment/ retrieval phases of the TSS has 


been studied in the next phase. 


CHAPTER ^ 


DYNAMICS OF TWO BCSJY BI-IEIHERED SYSTEM 

2.1 Introduction : 

IXTiatriics of tethered system is rather complicated. It 
involves translational, angular and vibrational motions. The 
transverse vibrations increase the degree of complexity 
considerably. In the present analysis we ignore the lateral mode of 
oscillations of the tether. Care has been taken to take into account, 
the energy associated with longitudinal tether oscillations as well 
as that for the satellite and auxiliary mass. For simplicity, 

the effects of oblateness of the earth, its magnetic field, 
gravitational pull of the other celestial bodies, solar radiation, 
and atmospheric drag have also been neglected in the present 
Einalysis. 

2.2 Description of The System : 

The configuration of the system proposed consists of the 
main satellite body, an auxiliary body (subsatellite) and two 
identical elastic tethers. This general system considered revolves 
around the earth in general elliptic orbit. Only the in-plane 
pitching oscillations are investigated. 

Several assumptions are made to facilitate the investigation. 


The upper main satellite body ( M ) is assumed to be much heavier 


than the subsatellite which is treated as a point mass. The tethers 


are taken to be massless and have linear elastic characteristics. 
The anj?ie between the position vectors of the C.M. of the main 
satellite body and that of the whole system is treated as 
negligible. As usual the Reference Line for measuring the true 
anomaly is chosen along the perigee axis. The body fixed axes 
(frame) o-xyz are taken to be along the principal directions. The 
auxiliary mass (ra) is deployed from the main satellite body through 
a pair of identical tethers, the other ends of which are attached to 
two s>Tmnetrical points on the z-axis on either side of its mass 
centre. 

The co-ordinate system O-XYZ is an inertial frame with its 
origin fixed at the Earth’s centre. The position of the C.M. of the 
syst^ is denoted by the vector K .The angle ct denotes the pitch 
angle of the main satellite body idiile the angle 0 denotes the 
pitch angle of the subsatellite (Fig. 1). 

2.3 Fonnulation: 

The Lagrangian approach has been used to develop the equations 
of motion. Let us first look at the geometrical constraints of the 
system which can be written as ; 

L =L (l+j£r) = [a + L - 2a L sin(a - /?) ) 

1 lO 1 1 1 

L =L (!+£:) = ( a^-t-L*-H2a L sin(a - ^) j 

» 2*2 2 



^4^ 


where . 


a . -a = Z co-ordinates of the attachment points 

1 2 


£ . £ = Strain in the first and second tether 

S 2 


L . L = Unstretched tether lengths 

iO 20 


L . L = Stretched tether lengths 
1 2 


2.3.1 Pot^tial Energy of The System: 

The total Potential energ>" ( PE ), U of the system is the sum 
of the gravitational PE of the main satellite ( U ) subsatellite ( 

M 

U > and elastic strain energy of the two tethers ( U ). In other 
m © 

words 

U = U + U + U 

Urns 

where , 



U 


T E. A, r* L 
J I i ) 


jo 


U(r.) 

) 


1 


where j = 1,2 

U(£ ) = 0, if £ =0 
J 3 

= 1. if £ >0 
j 

position vector of an elanental mass of the main 
satel 1 ite 
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=: r + r 


= ^-Kt 

= R cosa j -R sin a k - K L{- cos(a - ^) j + sin(o - /3) k ) 

A ^ ^ 

+ xi+yj + zk 


where , 


K = 


ffl 


. mass factor, showing the shifting of C.M. of 


M + m 

the system from the main satellite body. 

R = position vector of the C. M. of the system. 
t. = position vector of the auxiliary mass from the 
C.M. of the main satellite, 
r^ = position vector of the subsatellite (m) 

= I + (1-K) t 

A, ^ 

=R cos a j - R sin a k -Cl-K) L cos(a - f3) j + (l-KlsinCot - /3) k 

Oi carrying out necessary algebraic calculations amd 

simplifications, we get 

r 


^ — + p m L {(1-K) - 3 (1-K) cos /? J- / 2 R 


I 

L 


R 


+ MC-2I +I +I )/4R 
XX yy zx 

+ 3 u( I - I ) cos2a / 4 R^ 
yy xx 

- 3 p K L cos/? (I+I +I )/4R‘' 

XX yy XX 

^ 14 1-2 i2r , *3 K L cos(3 X / O 

+ p M K L C 1 g *- > / 2 R 


+ -4- i E E. A U(S . )}. 

2 I ) J J 

1 = 1 
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3 fj. K L{I cos/9 - (I - I ) cos (2a - ft')}-/ 2 R 

XX yy zz 


3 p {I - (I - I ) cos2(a - ft)}/ 4 R* 
XX yy iz 


2.3.2 Kinetic Energy of The System: 


The total Kinetic Energy ( KE ) of the systraa is the sum of 
the KE of the main satellite ( M ) and subsatellite (m) represented 


bv T and T respect iv'ely. In other words 

N HI 

T = T + T 

M m 


where 


T = -4- I r 1^ dM 

M 2 * t * 


^ 1 , , ,2 ^ 

T = -;r" I r I dm 

The total KE of the system can also be written in another 
way, however it gives the same result. The total KE of the system is 
the sum of translational KE and rotational KE of both the main 
satel lite and subsatel lite. For convenience, either inertial or 
non-inert ial frame of reference can be used. 

Thus (in inertial frame O-XYZ) 


t = I ? I"* 


4-1 I “ I* 

2 XX * * 


I ■* I* 

I "J 
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where . 


s 

.e*. ^ .A jfc 

= R 009© J + R sin© K - K { -L cos(© + /?) J -L sin(e + ft) K) 

• * * • * • A 

r = I R COS0 - R 0 sin0 + K L cos(0 + - KL (0 *♦- sin(© + |5)J J 

s 

• • • • t ^ 

+ f R sin0 + R 6 cos0 + K L sin(0 |3) + KL (6 + fi) cos(6 + 15) J I 

r = iS + ( 1-K ) t 
T 

=J R COS0 - ( 1-K ) L cos( © + ^ )j J + 

f R sir© - (1-X) L sin( © + /?)] K 
[ R cos© - R © sin© -(1-K) { L cos( © + /3 ) 

- L ( © + ^ ) sin( © + ^ )JJ J 
+ [Rsin0 + R© cos© -(1-K) L sin( © + © ) 

+ L ( © + © ) cos(© + 0)\l K 

4 ' ’ " 

w = (© + a) I 

On carrying out algebraic calculations and necessary 
simplifications, we get 

T = i (M + m) ( if + R* ©^ ) + i (1-K) m { L^+ } 

4b iU 

+ ^ 1 ie + af 

2 X.X 


2.4 The Lagrangian Equations of Moticm: 

The equations of motion can be obtained from 


where , 


dt ^ 

J 


dl 


©q. 

i 


Q. 

J 


L = Lagrangian of the system, (T - U) 
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= L ( q . q ) 

J J 

q = generalized coordinate (independent variable) 

J 

Q = The generalized force correspond to jth generalized 
J 

coordinate. 

Here, we have mass factor K << 1 , since the main satellite 

body is assumed to be much heavier than than the subsatellite. Hence 

K is put equal to zero into the expression for L before putting it 

into the Lagreingian equation for simplicity. 

The resulting equations of motion for «, and L are : 

3 

a - 3 ( u/R ) I sinct cosa 

I 

+ [(Aa-Aa)(L/I ) cos(a - ft) = 0 

2 2 11 XX 

(h- e + 3 { p/R^) sirV3 cos/3 + 2 ( 0 + /? ) ( L/L ) 

-[(A a - A a )(l/inL) cos(a - S} = 0 
2 2 11 

L + I ( A + A ) /m - (0 + /3)^ + (1 - 3 cos®/3) C/f/R^) ] L 

J 2 

+ (A a -A a )(l/m) sinCa - ft} =0 

2 2 11 

A=EACU(e)/L ;j=1.2 
J 3 3 3 3 j 

The above equations of motion can be written in 

non-dimensional i zed form using following relations : 

R 0 = h =constant 

1/ R - 1 + e cos© 

/ = a( 1 - e* ) = h^ /#! 
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where , 


I = semi letus rectum 
p = earth’s gravitational constant 
e = eccentricity of the orbit 

The equations in the non dimensional form can be written as : 

( 1 + e cos0> a - 2 e (1 + a’) sin0 - 3 I since cosot 

r 

= (X - X ) 1 cos(a-/3) / (1 + e cos0)’* 

t 2 


(1+ e co3$)ft" + 0‘ [ 2 (1 + e cos©) 1’ /I - 2 e sinOJ 
+ 3 sin/3 cosf} + 2 (1+ e cos0) r /I 
= 2e sin© - (X^ ” cosCo-^)/ e cos0)^ 


(1+ e 0030) 1' - 2 e sin© 1’ - (1+e cos0) (1 + ft’) 1 


+ (1- 3 cos ft) I = - [ {1/ - sin(a-/3)}- + 


X ■( 1/ a + sin(cf-/?)J J •{ 1/(1 + e cos0)^ 


where , 


c c me) 

X = -■» ' ' 

) 


1 


c = 

J 


3 2 3 

E A a a (1-e ) 

J } j 

I M 

XX 


: ... j = 1.2 


2.5 NiBoerical Integratiwi: 

The three variables in the formulation are generalized 
co-ordinates i.e. a. ft £ind 1. The angle & is the independent 
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variable. The other v'ariables like 1.1 , £ ,5 in the above three 

1 z t z 

eouat ions are dependent v'ariables and can be ev’aluated from 
t.he constraint equations. The solution of the gov'ernin? set of 
equations with twin tether length constraints is attempted using 
h^jncc-Kutta fourth order Method of solving simultaneous Ordinary 
aiiferential equations, fiuring the integration the zero initial 
values are assumed for the longitudinal tether strains and their 
der ivat iv’es . 

2.6 Results and Discussion : 

The n'jmerical integration undertaken, covers a wide ratnge of 
Important system parameters ; e.g. eccentricities, tether lengths, 
offsets, satellite mass distribution, etc . Some important typical 
results are presented for the system described below : 

Satellite : The space shuttle representing the main satellite with 
an auxiliary mass attached through a pair of identical 
tethers is taken as a particular case. 

Ve ass'airie 

I = I = 10^ kg ra^ . I =6 X 10^ kg 
XX yy zz 

Offsets a = a = 10 m 

1 2 

Orbit : Semi major axis = 6620 km 

Tether: Material : stainless steel 

tt z 

Young’s modulus of elasticity; E =E = 2 x 10 N/m 
diameter = 0.5 mm. 

Aux. mass: 150 kg 


13 



The assumed satellite mass distribution leads to 


I =<I “I )/ I = +0.94. 

T yy 2 x XX 

When the axis of minimum moment of inertia is oriented alon? the 
z-axi-s taken alon^ the local horizontal in the desired satellite 

or 1 elite t ion , it leads to a positive inertia rarameter I . howex^er , 

r 

this corresponds to a highly unstable equi 1 ibr rjiii configuration in 
tne .gravity gradient sense, C>n the other hand, when this long axis 
IS aligned w’ith the y-axis taken along the local vertical? the 
resiilting satellite orientation is stable and is associated with a 

negative I value. 

r 

now begin with numerical simulation for the case of the 

slender satellite in an elliptic orbit with the long satellite axis 

positioned along the local horizontal with I =0.94. Besides 

r 

considering such a highly unstable oriental ion, we assume a rather 
large initial disturbance. The tether offsets of iO m are taken 
along with a mcdest tether length of 5 km. It is interesting to note 
ttiat the pitching angles u and ft exhibit similar stable oscillating 
behaxnour with rather low amplitudes (Fig. 2). 

Next, we examine the influence of varying tether lengths on 
satellite attitude motion (Fig. 3~5) .An excessive increase in the 
tether lergths to say 100 km causes the beneficial stabilizing 
influence on pitching motion due to the tether tensions to diminish 
s igni f leant ly and slowTy growing amplitudes are observed. This may 
be attributed to the highly reduced level of differential between 
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the strains in the two tethers and hence significantly reduced 


rf-slonri^ moments. An excessive decrease in the tether lengths to 
S 3 V 100 m again results in satellite instability. This may be 
f^xpiained b:'’ tensions arid hence the stabilizing moment levels 
b-'-'-oming too low. Tliese results that the pror-osed control mechanism 
in general be most effective when moderate tether lengths are 
taken. A tether length ranging from say 500 m to 10 km app>ears to 
be appropriate for circular orbits i.e. eccentricity zero. However, 
for a higher elliptic orbit say e = 0.05, the tether length of 1 km 
to 10 km seems to be appropriate , (Fig. 4). But, for eccentricity 
(e)=0.1 the teher length of about 10 km is appropriate, (Fig. 5). 
Thus, in general, it can be inferred that the more the satellite 
departures from circular orbits the larger is the length of tethers 
required . This may be attributed to the disturbance caused due 
to variable angular speed ( © ) of the satellite system. 

Fig. (6-7.) present the stabilizing influence of tether tensions as 
affected by varying orbital eccentricities. It may be observed that 
the satellite continues to be stable even for the adverse noass 
distribution assumed for the satellite in highly elliptic orbits and 
large initial impulsive disturbance. In general, an increase in 
eccentricity leads to an increase in the librational amplitudes. 
Vhen the eccentricity is too large , the proposed control fails to 
ensure satellite pointing stability. Fortunately, for 
pratical applications normally involving satellites in the orbits of 
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modest eccentricities, this may not limit the usefulness of the 


concept . 

rh'=- influence of varying satellite mass distribution on the 
control effectiveness of the proposed concept is studied in Fig. 
(8-9 ). It is interesting to note that the satellite attitude 

ctiaracteri sties remain virtually independent of the satellite mass 
distributions considered. This result is of considerable 
significance. Evidently, the proposed stabilizing mechajiism offers 
significant advantages over the pure gravity gradient system. The 
mass distribution constraint for satellite pointing stability is no^' 
virtually eliminated. 

Fig. (10) shows the effect of the tether offsets on the pointing 
stability of satellites positioned along the normally unstable 

orientation corresponding to I = 0.94 . Evidently, the choice of an 

r 

offset above a certain minimum value leads to satellite pointing 

stability. On the other hand, in situations where the offsets are 
too small, the satellite may undergo large amplitude/tumbling 
motions. This occurs essentially due to the control moments 
generated through tether tension failing below the required level. 
Thus, sufficiently large tether offsets must be chosen in order to 
generate significant control moments that would restrict the pitch 
angle to low values. 

Fig. C 11-12) present a comparative assessment of satellite 
pitching performance in presence of large initial librationai 
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disturbance for a tether leru?th of 10 km and 0.5 km, the tether 

offset of 10 m and 1 = 0.94 . It may be worthwhile to point out 

r 

tliat the order of raai?nitude of the librational amplitude rmains the 
same for all the cases with tether lenj?th of 10 km whereas for 
tether length of 0.5 km the pitching responses are unstable. 
Furthermore the larger disturbances do not necessarily lead to a 
larger amplitude motion for the former one. This is somewhat 
unexpected and perhaps attributed to the strongly non-autonoroous 
character of the dynamic system. 
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CHAPTER 3 


Tmo MBPIjOYMENT and REmiEVAL ANALYSIS 

3.1 Intrcxkjction : 

In the pre'Vi oua chapter the djTianilcs of two body bi-tethered 
system for a deployed! tether case has been studied. In this case the 
nominal tether lenagtls are not varying with true ancmaly (^J). In 
this section, wewil 1 focus our attention on the pitching response 
of the system wlnil e simultaneously varying these lengths of the 
tethers. The e>qxr3ne3itial law has been assumed for the tether 
deployment/ retr’ie-vu 1. 

3.2 Modified constraints : 

I>jr ing? deplo^jment or retrieval of the tethers, two more 

equations are acddesd xhich in non-dimensional form can be written as: 

1(0) = 1 CO) expCkd) : j = 1 , 2 

J P 

Now, in addition to the set of three equations of motion for ex 
, (3 and 1 . the const raint equations can be written as : 

1 (0) = L (03 exp(k0 )(!+£•) = 

1 10 i 

[a + 1 - 2 a 1 sin(a - (3) ] 

* i 

1 (0 ) = E (0 ) e>:p(ke )(!+£) = 

a »» 2 

, ^2 ,2 . “ , . , ly '2 

I a + 1 + 2 a 1 Sima - ] 

7 2 
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where . 


! ~ initial non-dimensional length of the Jth tether, 

i"- - ratio of deployment/retriev^al rate and the tether length. 

The parameter k chosen here is positive for deployment and 
negative for retrieval. For the deployed tether case considered in 
the last chapter, k becomes zero. 

3.3 Results and Discussion : 

3.3.1 Tether Deployment Caise : 

Turing deployment of the proposed two tether mass systan, the 
length of the tethers are increased exponentially with independent 
variable 0 . The system with the shuttle long axis aligned with the 

local horizontal (I = 0.94) , the satellite pitch angle tends to 

r 

grow and attains unacceptably large values, (Fig. 13). However, the 

pitch angle response is within stable range for the initial 

configuration i.e. the angle ft = 0 . The above result is in direct 

o 

contrast with the well known stable behaviour of the simple tether 

case. This may be due to two factors. First, the shuttle 

configuration being considered is an unstable one. Second, 

slackening in the tethers during deployment causes the tensions and 

hence the stabilizing moment to disappear. 

Next, we consider the case when the shuttle is aligned with the 

local vertical (I = -0.94) although the tether attachment points 
r 

still remaining on the local horizontal axis. (Fig. 14). Even in t^ 
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absence of the initial disturbance, the shuttle shows a stable 


pitching response for the orientation of a = 0*^. However, for the 

o 

configuration of a = 90^, the response is unstable. The earlier 
o 

stable result corresponding to ct = 0*^ may be attributed to the 

o 

favourable gravity gradient moments. 

In all the above cases the pitching response f} of the subsatellite 
remains virtually independent of the initial disturbances and 
orientation of main satellite body. (Fig, 15-16). This amplitude of 
pitching angle of subsatellite for ot = 90** is unexpectedly higher. 
This may be accompanied by exceptionally high rate of grovrth of (3 
implying rotating tethers. 

3.3.2 Tether Retrieval CSase : 

For the shuttle aligned with the local horizontal direction i.e. 

I = 0.94 , retrieval of tethers is stable operation although the 
r 

amplitude of oc is objectionably high, (Fig- 17-18). Here, it may be 
worth mentioning that the retrieval of tethers in a single tether 
two body case when tether is connected to the C.M. of the upper 
body, is an unstable operation. Further, in the present case as 
mentioned earlier, the retriex'al of tethers would produce high 
tension in tethers. That partly explains the shuttle responses as 
observed here. 

The pitching responses seem to be iixiependent of initial 
disturbances. This may be possible due to high disturbance produced 
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by higher rate of retrieval of tethers. However, during retrieval 


with shuttle initially positioned in the nominally stable vertical 
configuration irresp>ective of the attachment points lying along the 
horizontal /vertical axis, pitching stability is observed. Also, in 
this case the pitching responses of subsatellite body seem to be 
independent of initial disturbances and changes in the shuttle mass 
distribution parameter, (Fig. 19-20). 




117459 
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CHAPTER 4 


CXMUUDING REMARKS 

Some of the important features of the analysis and the results 
based on these may be summarized as follows : 

a. The proposed control mechanism provides significzuit control 
torque for satellite attitude stabilization. The moments induced by 
self adjusting tether tensions ensure that the attitude control 
effectiveness is virtually independent of the satellite mass 
distribution. As a result much higher attitude accuracies are 
expected even in the presence of moderate disturbances and/or 
orbit of significaint eccentricity. 

b. The large increase in the attitude control torques achieved 
through the proposed bi-tethered mass attachment substantially 
limits the satellite excursions in the face of excitation, even in 
significantly elliptic orbits. 

c. It may be desirable to provide maximum tether offsets possible 
and consistent with the overall satellite layout design. Of course, 
these values should be duly checked for stability and acceptability 
of librational amplitudes through simulations. 

d. The relatively small auxiliary mass and tether lengths needed 
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for the open-loop stabilization of satellites even in the strongly 


unstable equilibrium configuration make the proposed level concept 
particularly attractive. 

e. The space and weight penalties associated with the tethered 
mass are expected to be rather modest. Sometimes, it may be possible 
to reduce these further by shifting a part of the useful satellite 
mass to play the role of the" pendulum". 

Scope for Further Work 

The out of plane motion is of high importance for station 
keeping phase. A study using a more sophisticated model which 
includes the transverse vibrations of tether, structural damping of 
the system and roll motion of the syst^ is recommended. Besides 
this, attention should also be focussed upon the use of tethers for 
artificial gravity problems, suitable deployment schemes and other 
scientific applications. 
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Fig. 14. Librational response oc for different configurations 
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Fig. 15. Llbratlonal response /? for different conf ij?uratlons 
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distributions under deployment 


= 0-05, Ir= 0.94,o^^=90°. O", LjQ=t0km^ QjrlOm 
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Fig. 17. Librational response for different disturbances 
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disturbances and mass distributions under retrieval 
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